We present H  observations of the compact high-velocity cloud HVC289+33+251 that was discovered by Putman et al. (2002) . Observations with the 100-m Effelsberg telescope demonstrate that this cloud is still unresolved by the 9 ′ beam of the Effelsberg telescope. The cloud shows a small line width of ∆v FWHM = 4.9 km s −1 providing an upper limit to the kinetic temperature of the H  gas of T k ≤ 532 K. The total observed flux indicates an H  mass of M(H ) = 5.66·10 4 M ⊙ d/150 kpc 2 . Follow-up H  observations using the Australia Telescope Compact Array (ATCA) resolve HVC289+33+251 into 5 condensations that are embedded in a common H  envelope. The HVC shows a faint tail, indicating an ongoing ram-pressure interaction with an ambient low-density medium. A FWHM diameter of ϑ = 4.
Introduction
High-velocity clouds (HVCs) were first discovered by Muller et al. (1963) . They are defined as neutral atomic hydrogen clouds with radial velocities (relative to the local-standard-ofrest frame, LSR) that cannot be explained by simple Galactic rotation models (Wakker 1991) . Oort (1966) proposed an extragalactic origin for HVCs. He argued, that the formation of galaxies is still an ongoing process and HVCs represent primordial clouds that are currently accreted by the Milky Way. Blitz et al. (1999) revived the hypothesis that some HVCs are primordial gas left over from the formation of the Local Group galaxies. Braun & Burton (1999) used the Leiden/Dwingeloo Survey (LDS) of neutral hydrogen (Hartmann & Burton 1997) to compile a catalog of 66 clouds with an angular diameter below 2
• that are isolated from neighboring emission. They argued that this ensemble of compact HVCs (CHVCs) represents a homogeneous subsample of HVCs at Mpc distances. An HVC catalog of the southern sky with 1997 high-velocity objects and 179 CHVCs was compiled by Putman et al. (2002) using the H  Parkes All-Sky Survey (HIPASS, Barnes et al. 2001) .
Recent surveys (e.g. Zwaan 2001 , de Blok et al. 2002 , Minchin et al. 2003 , Pisano et al. 2004 failed to detect a similar population in other groups of galaxies. They concluded that CHVCs represent rather a circum-galactic population at typical distances below d ≤ 150 kpc than an intergalactic population at d ≈ 1 Mpc.
The CHVCs might represent the missing satellites expected from cosmological ΛCDM simulations (e.g. Klypin et al. 1999; Moore et al. 1999 ). Recent models conclude that the majority of the dark matter mini halos is most likely located close to the Milky Way with a median distance of about 120 kpc (e.g. Kravtsov et al. 2004 ). Sternberg et al. (2002) modeled the physical state of the H  gas in dark matter mini halos and concluded that the observed CHVC parameters are consistent with a circum-galactic population at typical distances of d ≈ 150 kpc.
Several CHVCs have been studied in great detail (Braun & Burton 2000 , Brüns et al. 2001 , Burton et al. 2001 , de Heij et al. 2002a ). These clouds have angular diameters larger than 30 ′ and they show a complex morphology that could be explained by ram-pressure interaction with an ambient medium or tidal interaction with the Milky Way. A CHVC that is undisturbed and spherically symmetric has not yet been found.
The compact cloud HVC289+33+251 was discovered by Putman et al. (2002 Putman et al. ( , catalog number 1345 . HVC289+33+251 is a CHVC that is unresolved by the effective Parkes beam of ≈15.
′ 5. This CHVC is located ≈5
• north of the Leading Arm of the Magellanic Clouds (Putman et al. 1998 ) and shows a ∆v LSR ≈ 50 km s −1 higher radial velocity than the gas at the northern end of the Leading Arm. No high-velocity H  emission has been detected within a radius of 5
• around HVC289+33+251, making it sufficiently isolated to be treated as a CHVC.
In this paper, we present high-resolution H  observations of HVC289+33+251 using the 100-m Effelsberg telescope and the Australia Telescope Compact Array (ATCA). In Sect. 2, we summarize these H  observations and outline the data reduction. In Sect. 3, we present the results of the single dish Effelsberg data and in Sect. 4 those of the interferometric ATCA data. HVC289+33+251 is considerably smaller than all other CHVCs that have been studied so far. The extreme compactness compared to compact HVCs justifies the designation as an ultra-compact HVC. The physical parameters of this potential dark matter mini halo are discussed in Sect. 5.
Observations and Data Reduction

Effelsberg Data
The observations were carried out in October 2002 with the 100-m Effelsberg telescope using the 21-cm receiver. The HPBW at 21-cm wavelength is 9 ′ . The standard calibration source S7 was used for the flux calibration. The 1024 channel autocorrelator was split into two banks of 512 channels for the two orthogonal circular polarizations. The bandwidth of 1.5 MHz offers a velocity resolution of ∆v = 0.65 km s −1 . The HVC was mapped on a regular grid of 5 by 5 positions in equatorial coordinates with grid spacings of 4.
′ 5 and an integration time of 10 minutes for the central position and 3 minutes for the outer positions. This results in an rms-noise of σ rms = 0.1 K and σ rms = 0.17 K, respectively, after averaging the two polarizations. We subtracted a third order polynomial for the baseline correction.
ATCA Data
The high resolution H  data were observed in February 2003 using the 750D configuration of the ATCA interferometer. The five antennae provide baselines between 30 m and 720 m. The correlator configuration FULL 4 1024-128 offers 1024 channels over a 4 MHz bandwidth for both orthogonal polarizations. The velocity resolution is ∆v = 0.825 km s −1 . We used the source B1934-638 as primary calibrator and B1127-145 as secondary calibrator for the bandpass, gain and phase calibration. The CHVC was observed for 12 hours to allow for a good uvcoverage. The secondary calibrator was observed once per hour for 5 minutes. The relatively northerly position of the source, combined with shadowing effects at low elevations produced an elliptical synthesized beam of HPBW 112.
′′ 4×35. ′′ 9 with a position angle of 2.
• 5. The data were reduced using the MIRIAD package (Sault et al. 1995) . We have chosen robust weighting with a robustness parameter of 0.5 to optimize resolution and sensitivity. The deconvolution was performed using the maximum entropy method. The final data-cube has an rms-noise of σ rms = 7 mJy/beam. We converted the observed fluxes, S , to brightness temperature, T mb , using
where T mb and S are measured in K and Jy beam −1 , respectively. λ is the wavelength measured in cm, and θ maj and θ min are the sizes of the major and the minor beam in arc minutes. Using λ = 21 cm and the beam size stated above yields a conversion factor of 148.9 K(Jy beam −1 ) −1 . The rms noise of the data-cube corresponds therefore to σ rms ≈ 1 K using the brightness temperature scale. Figure 1 shows the 5 by 5 spectra map observed with the Effelsberg telescope. The 4.
Results from the Effelsberg Telescope
′ 5 grid corresponds to HPBW/2 of the Effelsberg telescope. The map demonstrates that HVC289+33+251 is smaller than the beam size of 9
′ . There is, however, some faint emission detected in the south-west between offsets -9
18 cm −2 and a FWHM line width of ∆v FWHM = (13±2) km s −1 . It indicates a faint H  tail associated with HVC289+33+251 (see Sect. 5).
The central H  spectrum has a peak intensity of T B,max = (3.2±0.1) K, a line width of ∆v FWHM = (4.9±0.1) km s ′ 5 and the velocity resolution of the HIPASS data of 26.4 km s −1 which is too coarse for a line width of ∆v FWHM ≈ 5 km s −1 . The total H  mass of HVC289+33+251 is related to the total H  flux observed with the 100-m Effelsberg telescope:
where d is the distance to the source and S dv the integrated flux given in units of Jy km s −1 . The estimated mass depends on the unknown distance to the cloud. Using the observed total flux of S dv = (10.68±0.21) Jy km s −1 yields an H  mass of
The error reflects solely the observational uncertainty of the total flux. Figure 2 shows a column density map of the ATCA H  data. The angular extent of the cloud is apparently smaller than the Effelsberg beam of HPBW = 9 ′ . The angular resolution of the ATCA data of HPBW = 112.
Results from the ATCA
′′ 4×35. ′′ 9 is sufficiently high to resolve HVC289+33+251. The angular diameter can be estimated by fitting a two-dimensional Gaussian to the column density distribution. The fit yields a FWHM diameter of ϑ = 4. The peak column density observed with the ATCA is N(H ) = 1.9·10 20 cm −2 , 6.6 times higher than the column density observed with Effelsberg, clarifying the compactness of Table 1 lists the result of a Gaussian fit to the central spectrum.
the HVC. The total flux observed with the ATCA of S dv = 10.63 Jy km s −1 is in good agreement with the observed single dish flux of S dv = 10.68 Jy km s −1 . The ATCA data resolve HVC289+33+251 into 5 condensations that are embedded in a common envelope (Fig. 2) . The coordinates of the five condensations are listed in Table 1 . The central condensation (A) is slightly more extended than the angular resolution. The angular diameter can be estimated by fitting a Gaussian to the column density distribution in direction of right ascension, where the ATCA beam is HPBW = 35.
′′ 9. The fit yields a diameter of FWHM = 96 ′′ which is consistent with an intrinsic diameter of about ϑ = 90 ′′ . The other 4 condensations are unresolved by the 112.
′′ 4×35. ′′ 9 beam, indicating that the intrinsic diameter must be smaller than ϑ ≤ 50 ′′ . All five condensations have H  column densities higher than N(H ) ≥ 1·10 20 cm −2 . The spectra of the central positions of all five condensations were fit with Gaussians. The fits provide the peak brightness temperature, the peak column density, the mean velocity, and the FWHM line width of the individual spectra. The results are summarized in Table 1 . The five condensations have almost the same mean velocity, i.e. there is no velocity gradient observed across the extent of HVC289+33+251.
A mean volume density of each condensation can be estimated assuming spherical symmetry for the condensations:
where n H i is the mean density of a condensation, N(H ) is the observed column density, θ is the angular diameter of the condensation given in radian, and d is the distance to the cloud. The five condensations of HVC289+33+251 have mean densities of the order n H i ≈ 1 cm −3 d/150 kpc −1 . The fit yields narrow line widths between ∆v FWHM = 3.8 km s −1 for condensation B and ∆v FWHM = 6.1 km s −1 for condensation E (see Table 1 ). The line width provides an upper limit to the kinetic temperature of the gas -the so-called Doppler temperature, T D = 21.8 · ∆v 2 FWHM , where T D is measured in K and the observed line width, ∆v FWHM , is measured in units of km s −1 . This upper limit to the temperature is between T D = 315 K for condensation B and T D = 811 K for condensation E. Table 1 also lists the values for the other condensations.
The upper limit for the temperature and the mean density can be used to derive an estimate of the pressure in the condensations, using the approximation of an ideal gas, P k −1 = n T D , where P is the pressure of a condensation and k is the Boltzmann constant. The estimated pressures are be-
for condensation E. The gaseous condensations are expected to be located in a common gravitational potential filled with gas. This gas is expected to be in approximate pressure equilibrium. The median pressure of the condensations, P k −1 ≈ 450 K cm −3 d/150 kpc −1 , provides an estimate of the overall pressure of the gas in HVC289+33+251. Wolfire et al. (1995) and Sternberg et al. (2002) modeled the physical state of low-metalicity HVCs. They concluded that pressures of the order few×100 K cm −3 are necessary to have a stable HVC consisting predominantly of a cold gas phase. Their pressures are consistent with our observationally determined value.
Discussion
Both data sets from the Effelsberg telescope (Fig. 1 ) and the ATCA (Fig. 2) indicate that there is a faint tail towards the Table 1 . Parameters of the condensations in HVC289+33+251 observed with the ATCA and the Effelsberg single-dish data. The columns give the name of the condensation, the telescope, the coordinates (see Fig. 2 ), the peak brightness temperature, T B,max , the peak column density, N(H ), the mean velocity, v LSR , the FWHM line width, ∆v FWHM , the Doppler temperature, T D , the angular diameter, ϑ, the mean density, n H i , and the estimated pressure, P k −1 . A distance of d = 150 kpc was assumed to derive the values for n H i and P k −1 . south-west. A head-tail structure is a sign of ram-pressure interaction with an ambient medium (Brüns et al. 2000 (Brüns et al. ,2001 Quilis & Moore 2001; Konz et al. 2002) . The numerical simulations from Quilis & Moore (2001) and Konz et al. (2002) suggest that the gas in an interacting HVC has its lowest temperatures at the leading edge, slightly higher temperatures in the head, and much higher temperatures in the tail of recently stripped material. Exactly this trend is observed in terms of line widths (or Doppler temperatures): condensation B, that is located on the opposite side of the tail shows the lowest line width, ∆v FWHM = 3.8 km s −1 , the other condensations have line widths of about ∆v FWHM ≈ 4.6 km s −1 , while the gas in the tail has a much larger line width of ∆v FWHM = 13 km s −1 (see Sect. 3). These results indicate that HVC289+33+251 is most likely embedded in a low-density medium, either in the outer Galactic halo or in the intergalactic medium of the Local Group.
Region Telescope
A distance of d = 150 kpc was assumed in the last two sections to derive the physical parameters: H  mass, size, mean density, and pressure. The total H  mass of HVC289+33+251 is M(H ) = 5.66·10 4 M ⊙ d/150 kpc 2 . The total gas mass must be higher as ionized hydrogen, helium, or molecular gas are not traced by the 21-cm line of neutral hydrogen:
The factor µ is the ratio of the total gas mass and the H  mass. We expect to have 10 percent helium (by number) in this cloud, yielding µ ≥ 1.4 and therefore
The generalized version of the virial theorem for a homogeneous, spherically symmetric cloud including pressure support from an ambient medium is:
where v 2 is the mean-square velocity that is related to the observed line-width by v 2 = 3∆v 2 FWHM /(8 ln 2). G is the Gravitational constant, R is the radius of the cloud given by R = .
(4) Figure 3 shows the external pressure needed to stabilize HVC289+33+251 as a function of distance to the sun, if its mass is given by its H  mass including helium. For comparison, the dotted line indicates the pressure in the halo of the Milky Way as given by the model of Kalberla (2003) . This pressure is significantly lower than the pressure needed for stabilization at all distances. Even an intergalactic medium with a very high pressure of P k −1 = 200 K cm −3 would not stabilize HVC289+33+251 at distances less than d ≈ 250 kpc (see Fig. 3 ).
The gas mass of HVC289+33+251 could be higher, e.g. in form of a massive envelope of warm, ionized hydrogen. HVC289+33+251 shows a faint head-tail structure, indicating an ongoing ram-pressure interaction with an ambient medium. An outer envelope of warm, ionized hydrogen would be much more affected by this interaction. The fact that we see a headtail structure in the cold gas phase contradicts the existence of a massive envelope, as this envelope would have lost most of its mass before the innermost regions were affected by the rampressure.
The assumption of virialization is not necessarily true as indicated by the faint H  tail. A dynamical time-scale can be estimated dividing the linear diameter of HVC289+33+251 by its overall line-width. Using the overall line width from the Effelsberg data and the FWHM diameter derived from the ATCA column density map yields a time-scale of τ = 38.3 Myr d/150 kpc . One orbit around the Milky Way is expected to take a few Gyrs, i.e. the gravitational forces from the Milky Way and ram-pressure forces should be approximately constant over considerably longer time-scales than τ = 38.3 Myr d/150 kpc . This time-scale is therefore sufficiently short to assume that HVC289+33+251 is at least close to equilibrium.
The assumption of virialization with negligible external pressure allows us to estimate the mass needed to stabilize HVC289+33+251 at a given distance. The virial mass for a n ∼ R −1 density distribution is
where M vir is the virial mass in units of solar masses, ∆v FWHM is the line width in units of km s −1 , and R is the radius of the cloud in units of pc. Using the same parameters as in Eq. 4 yields a virial mass of
The ratio of the virial mass and the gas mass is
The distance where the gas mass equals the dynamical mass, d = 825 kpc, can be used as an upper limit of the distance to HVC289+33+251 (see also Fig. 3 ). While no dark matter is needed for stabilization at d = 825 kpc, about 80 percent of the dynamical mass would be undetected at a distance of d = 150 kpc. For comparison, about 95 percent dark matter would be needed for stabilization at a distance of d = 50 kpc. These percentages of dark matter are common for various types of galaxies. Stabilization by dark matter yields a reasonable amount of dark matter, while the stabilization by the pressure of an ambient medium or a massive envelope of ionized hydrogen is very unlikely. The true distance to HVC289+33+251 -the key parameter for the physical state -cannot be derived on the basis of the data presented in this paper. The observed morphology and the estimated physical parameters of the compact cloud HVC289+33+251 are, however, consistent with a low-mass dark matter mini halo in the vicinity of the Milky Way that moves through a low density medium.
The FWHM diameter of only 4. ′ 4 makes this cloud undetectable for low-resolution telescopes like the 25-m Dwingeloo telescope. Its angular resolution of HPBW = 36 ′ yields a beam filling factor of about 1.5%. The considerable difference between the peak brightness temperatures observed with Effelsberg (T B,max,Eff = 3.2 K) and the HIPASS survey using the Parkes telescope (T B,max,PKS = 0.22 K) clarifies the importance of high angular and velocity resolution for the detection of clouds like HVC289+33+251. An assumed distance of d = 150 kpc corresponds to a linear diameter of 192 pc. A comparable cloud located in a nearby group at d ≈ 3 Mpc would have an angular diameter of about ϑ ≈ 13 ′′ -the size of the synthesized beam of the VLA in the C configuration. A signal of that size that appears only in one spectral channel would most likely be regarded as a noise peak.
Recent surveys for compact clouds in galaxy groups, e.g. Zwaan (2001) 5 M ⊙ , respectively. They all lack the spatial resolution and sensitivity to detect clouds comparable to HVC289+33+251 in these galaxy groups. A larger sample of similar clouds in the vicinity of the Milky Way and other galaxies might exist that are undetectable for currently available surveys.
